A strain of the aerobic anoxygenic photosynthetic bacteria was isolated from a deep-ocean hydrothermal vent plume environment. The in vivo absorption spectra of cells indicate the presence of bacteriochlorophyll a incorporated into light-harvesting complex I and a reaction center. The general morphological and physiological characteristics of this new isolate are described.
A strain of the aerobic anoxygenic photosynthetic bacteria was isolated from a deep-ocean hydrothermal vent plume environment. The in vivo absorption spectra of cells indicate the presence of bacteriochlorophyll a incorporated into light-harvesting complex I and a reaction center. The general morphological and physiological characteristics of this new isolate are described.
Deep-ocean hydrothermal volcanic vents, including socalled black smokers, were first discovered near the Galapagos Island (2) and later were found at Atlantic, Indian, and other Pacific ocean sites. The initial reports of these vents were followed by discoveries of unusual microbial and invertebrate populations associated with vent environments (5, 13-15, 18, 30) . High-temperature vents have been proposed as models of ecosystems developed on the early Archean Earth (11) .
The documentation of geothermal light at otherwise dark deep-sea ecosystems led to the suggestion that geothermally driven photosynthesis could exist on the seafloor (17, 28, 29) . Nisbet et al. proposed that light emitted at deep-sea vents may have provided the selective force for the evolution of photosynthesis, through initial development of phototaxis toward geothermal light followed by the evolution of rudimentary photosynthesis (19) . Sulfide flanges on the Endeavour Segment of the Juan de Fuca Ridge were recognized as a habitat that fulfills the requirements of photosynthetic bacteria because of geothermally illuminated stratified microenvironments of mineral precipitation that promote microbial growth (8, 17) . If photosynthetic bacteria were to be found at deep-sea hydrothermal vents, their attributes could provide insight into the evolution and diversity of photosynthesis. The idea that photosynthesis may have originated at deep-sea hydrothermal vents and then dispersed to favorable refuges in shallow-water habitats raises the possibility that if phototrophs exist at vents they may exhibit physiological properties and have genetic compositions that could enhance our understanding of the evolution of primitive phototrophs.
We used water samples obtained in August, 1996, from vent plumes on the Juan de Fuca Ridge (northeastern Pacific Ocean; ca. 47°57ЈN, 129°05ЈW; 2,000 m beneath the ocean surface) to isolate bacteria containing photosynthetic pigments such as bacteriochlorophylls (Bchls) and carotenoids. Descriptions of the samples, which were obtained from the vicinity of nonbuoyant regions of plumes emitted from hydrothermal vents, are given in Table 1 . After their recovery on board ship, samples were immediately transferred into sterile screw-cap bottles and placed in dark storage at 4°C. In the laboratory, decimal dilutions of the samples were prepared in sterile media. Thereafter, 0.1 ml of each dilution was spread in duplicate on agar plates of a medium previously used for the isolation of marine aerobic photosynthetic bacteria (36) , containing the following (in grams per liter): acetate, 1; yeast extract, 1; Bacto Peptone, 1; agar, 20. The medium also contained 1 ml of a trace element solution (4) per liter and 20 g of vitamin B 12 per liter and was obtained at pH 7.8 to 8.0. Plates were incubated aerobically at room temperature in the dark for 5 days and, after the identification of colonies, were incubated at 30°C for 5 days. The number and pigmentation of the colonies obtained are shown in Table 1 .
All samples analyzed gave rise to many noncolored colonies (representative of 100 to 300 cells/ml), about 30% of which demonstrated exoagarase activity resulting in agar hydrolysis. Cells from pigmented colonies were suspended in a liquid medium identical in composition to the plates, and pure cultures were obtained by repeated plating. Purified cells from pigmented colonies were used for absorption spectrum analysis in the region of 350 to 1,100 nm to evaluate the presence of Bchls and carotenoids. Most of the pigmented isolates contained only carotenoids, but a Bchl was detected in about 30% of the pigmented strains, all of which were yellow in color ( Table 1) .
The capability for anaerobic photosynthetic growth (with tungsten filament lamp illumination levels of 10, 20, and 100 microeinsteins/m 2 /s) of aerobically isolated Bchl-containing strains was tested in completely filled screw-cap test tubes and in agar (1%) deeps by using media for purple sulfur (H 2 S or Na 2 S 2 O 3 and CO 2 with or without acetate) or nonsulfur (acetate, malate, or succinate) bacteria (12) . None of the strains tested grew anaerobically in the light in these media.
The in vivo absorption spectra of the yellow-pigmented isolates ( Fig. 1 ) gave a major peak at 867 nm, indicating the presence of Bchl a incorporated into light-harvesting complex I (LHI), and the small peak at 800 nm indicates the presence of the photosynthetic reaction center (RC) (1) . Although the presence of LHI and the RC is established by these in vivo spectra, the total number of photosynthetic units per cell is small compared to the numbers of units determined from the spectra of (facultatively) anaerobic purple bacteria. Cells contained 0.4 to 0.6 nmol of Bchl a per mg of protein. The yellow color of cells and the three peaks at 433, 457, and 487 nm indicate the presence of carotenoids, apparently of the carotene type ( Fig. 1) (32) . The ratio of the absorbance at the LHI Bchl a absorption peak to that at the main carotenoid absorption peak is about 1:8 (ratio of absorbance at 867 nm to absorbance at 457 nm).
The presence of Bchl a and carotenoids, the inability to grow anaerobically in the light, the small number of photosynthetic units, and the abundance of carotenoids indicate that the yellow-pigmented bacterium is a member of the aerobic anoxygenic photosynthetic bacteria (25) .
The aerobic anoxygenic photosynthetic bacteria are phylogenetically diverse within the ␣ subclass of the Proteobacteria and comprise a variety of species with different morphologies and carotenoid pigments, at present classified into the genera Erythrobacter, Erythromicrobium, Roseobacter, Roseococcus, Porphyrobacter, and Acidiphilium (6, 21, 23, 31, 35) . These bacteria have been found at several geographic sites in different ecological niches, and Erythromicrobium and Roseococcus species are associated with hydrothermal spring communities (6, 22, 24, 31, 33, 36) .
The bacteria we describe here are the first species containing photosynthetic pigments that have been recovered from deepocean hydrothermal-vent plume waters. The absence of pigmented strains containing Bchl a at Mothra Field and in sample 1 (Table 1) indicates that sites 2 and 3 of the Main Endeavour Field are ecological niches of these bacteria. Furthermore, the absence of strain JF-1 from marine surface samples that were collected throughout the world and that contained a variety of aerobic photosynthetic bacteria (21) (22) (23) (24) (25) 36) indicates that JF-1 is not a common inhabitant of the marine environment and thus is unlikely to have sedimented from the surface. The representative strain, JF-1, is citron-yellow colored and unusually polymorphic (Fig. 2) . Depending on the age of cultures in liquid medium, cells are coccoid to ovoid rods, often forming so-called Y cells, which is rare for bacteria. Coccoid cells from young cultures are motile by one polar or subpolar flagellum. This microorganism is unusually variable in its means of multiplication. Budding, ternary fission, binary division, and symmetric and asymmetric constrictions of cell division were found. Cells often remained attached after division, apparently by means of a connective material of unknown nature, and surrounded by a membrane (Fig. 2) . Therefore, individual cells would remain in contact after division within a free-floating population.
The Gram stain determination (9) and the appearance of cells in electron microscopic thin sections (16) showed that strain JF-1 has a gram-negative cell wall. The cytoplasmic membrane was visible, but no obvious intracytoplasmic membranes (ICM) were detected (Fig. 2) . The absence of an extensive ICM system is a common trait of aerobic anoxygenic photosynthetic bacteria, in contrast to (facultatively) anaerobic anoxygenic purple photosynthetic bacteria (10, 35) . Thus, the photosynthetic apparatus of JF-1 is probably located in the cytoplasmic membrane.
Because of the high degree of phenotypic similarity, six individually purified strains are assumed to be representatives of the same species, although at present no rigorous conclusions can be drawn with respect to their taxonomic status and phylogenetic relationships. However, the sequences of two segments (about nucleotides 110 to 570 and 970 to 1390) of the 16S rDNA place JF-1 within the ␣ subclass of the Proteobacteria (26) (data not shown). Some determinative characteristics of strain JF-1 in comparison to other aerobic photosynthetic bacteria that contain yellow carotenoids are presented in Table  2 .
Aerobic anoxygenic photosynthetic bacteria are thought of as atypical photosynthetic microorganisms in contrast to purple sulfur or nonsulfur bacteria, which can utilize light as the sole source of energy for anaerobic growth. Nevertheless, photosynthetic activity in these bacteria was shown by (i) the reversible photooxidation of cytochromes and the reversible photobleaching of Bchl in the RC; (ii) photoinhibition of respiration; and (iii) a light-stimulated increase in ATP pools and an increase in growth rate and biomass production (7, 20, 27, 34) . The contribution of light to energy metabolism in aerobic photosynthetic bacteria seems to be small and was best evinced during an alternating light-and-dark regimen of cultivation, and so light seems to be used as a supplementary source of energy during intermittent illumination of these bacteria (37) .
Our discovery of aerobic anoxygenic photosynthetic bacteria in a deep-ocean hydrothermal vent environment raises broad possibilities for future investigations. Although we cannot say whether JF-1 evolved in proximity to a hydrothermal vent or came to colonize this environment later, the abundance (approaching 10% of all cells cultivated on the media used; see Table 1 ) of this bacterium in plume samples indicates that the ability to produce Bchl may be of selective advantage. It will be interesting to see if it is possible to differentiate between the evolution of photosynthesis at deep hydrothermal vents and that in sun-irradiated environments. Perhaps, isolate JF-1 exhibits some photosynthetic properties of evolutionarily early photosynthetic bacteria and the respiratory dependence of this species developed during subsequent evolution. a The methods used for strain JF-1 characterization were described previously (35) . For other bacteria, see references 6, 23, 35, and 38. b ϩ, sensitive; Ϫ, resistant; ND, not determined.
